Abstract: Stop consonant voice onset time (VOT) was examined in a typological survey of over 100 languages. Within broadly defined laryngeal categories (long-lag, short-lag, and lead voicing), VOT means were found to vary extensively. Importantly, the means for members of the same laryngeal series did not vary independently but instead were highly correlated across languages. The strong linear relations identified here cannot be reduced to previously reported ordinal relations, and provide evidence for a uniformity constraint on phonetic realization: within a language, each laryngeal specification must be realized in approximately the same way across stops of different places of articulation.
Introduction
While linguistic typology has traditionally focused on the areas of syntax, morphology, and phonology, 1 research over the past several decades has established that languages also vary in the fine-grained details of phonetic realization. 2, 3 There are cross-linguistic differences in the release duration of aspirated stops such as [k h ], the total duration and burst amplitude of ejective stops such as [k 0 ], and the spectra of vowels and nasal consonants, among many other phonetic properties. [4] [5] [6] These findings lead naturally to the question of what universal constraints, either absolute or statistical, restrict phonetic realization across languages.
As in other empirical domains, many of the phonetic constraints that have been identified are relational. For example, while vowels vary in characteristic fundamental frequency (f0) across languages, high vowels (e.g., [i u]) have a higher intrinsic f0 than low vowels (e.g., [a] ) in all languages studied so far. 7 Relational constraints have also been found for vowel duration (e.g., low vowels being intrinsically longer than high vowels), stop closure duration (e.g., bilabial stops having longer closures than velar stops), and f0 at vowel onset (e.g., onset f0 being higher after voiceless obstruents than after voiced obstruents). 8, 9 In a landmark study of 18 diverse languages, each represented by multiple speakers and analyzed with a common method, Cho and Ladefoged 6 provided evidence for a relational constraint on stop voice onset time (VOT): within a language and laryngeal series, VOT generally increases with more posterior place of articulation (e.g., dorsals have longer values than labials and coronals). 8, 10 We conducted a much larger typological survey of stop VOT, gathering previously collected data from over 100 languages. Like Cho and Ladefoged, 6 we focused on stops in word-initial prevocalic position, but unlike them we included stops that are phonetically voiced (i.e., have lead voicing) in addition to those that are voiceless unaspirated or voiceless aspirated. In this paper, we describe the contents of the survey and present a sequence of analyses that refine our understanding of the relational constraints on this aspect of phonetic realization. We find that the VOT values of stops in the same laryngeal series are linearly correlated across languages to a striking degree. These statistical relations are highly unlikely to have arisen by chance and are not reducible to previously identified ordinal rankings (such as dorsal > labial, coronal). Their precise form indicates that, within a language, the fine-grained realization of each laryngeal specification is constrained to be approximately constant for stops of a) Author to whom correspondence should be addressed. different places of articulation-the cross-linguistic counterpart of a relational constraint that we have recently found to hold across speakers of a single language. 11 
Typological survey
We collected previously reported VOT values from a variety of sources (articles, theses, grammars, etc.) with the aim of representing every language for which stop VOT has been investigated. In a few cases, colleagues generously provided us with unpublished measurements (see the Acknowledgements). The data subset analyzed here excludes values from child, bilingual, heritage, and second-language speakers. We also excluded stops categorized in the original sources as ejective, glottalized, implosive, breathy ("voiced aspirated"), or emphatic. The full survey, together with the present subset and complete bibliographic information, has been made available to the research community through the Open Science Foundation (https://osf.io/ry3en/). 18 The languages and language families represented in the survey, after applying exclusionary criteria, are listed in Table 1 . Language families were identified from the original source or the World Atlas of Language Structures (WALS). 12 In total, there was data from 147 language varieties (in some cases closely related dialects such as U.S. and Canadian English) belonging to 36 families, including relevant samples from Cho and Ladefoged's survey.
Within a language variety, we relied upon the original sources to identify one or more laryngeal series: oral stops that have the same laryngeal setting (e.g., voiceless aspirated) but differ in place of articulation. In doing so we abstracted away from differences in terminology across sources; for example, the Dutch stops variously described as "voiceless" or "fortis" were assigned to the same series. We also categorized each stop as having one of three broad places of articulation: labial (bilabial), coronal (dental/alveolar/retroflex), or dorsal (palatal/velar/uvular). The decision to classify palatals as dorsal may be controversial but is unlikely to affect our results, as these stops made up approximately 2% of the data. We aggregated the VOT values for each reported combination of laryngeal series and place of articulation by averaging multiple measures from the same study and then averaging over studies of the same language variety. This ensured that each variety was represented in subsequent analyses by at most three values per series. (The averaging process did not obscure potentially large differences among sources: for most varieties we had one source, and for the 27 varieties with multiple sources the median standard deviation was 7 ms.)
Finally, we mapped each language-specific laryngeal series to one of three categories by comparing its grand average (i.e., the average of the place-specific means) to thresholds as follows: long-lag (VOT ! 35 ms), short-lag (35 ms > VOT ! 0 ms), or lead (0 ms > VOT). For example, the Dutch stops [p t k] had averages of VOT labial ¼ 30 ms; VOT coronal ¼ 44 ms, and VOT dorsal ¼ 50 ms, respectively, therefore this series was categorized as long-lag (VOT ¼ 41). While other thresholds yielded similar results in subsequent analyses, we selected 35 ms because of its proximity to the relevant auditory boundary in humans and other species and 0 ms as a natural division between phonetically voiced and unvoiced stops. 13 
Analysis and results
In line with previous findings, VOT values within each of the laryngeal categories varied extensively across languages (see Fig. 1 ). For the long-lag series, place-specific averages ranged from 14 to 117 ms (labials), 18 to 130 ms (coronals), and 41 to 154 ms (dorsals). VOT averages for the short-lag series ranged from 0 to 32 ms (labials), 3 to 40 ms (coronals), and 5 to 56 ms (dorsals); for series categorized as lead the ranges were À161 to À20 ms (labials), À177 to À8 ms (coronals), and À144 to 8 ms (dorsals). (The ranges overlap somewhat because laryngeal categories were determined by averaging over place, as described earlier.)
A sequences of analyses was performed to investigate the nature and strength of constraints on this variation. We first calculated the percentage of stop pairs from the same language variety and laryngeal series that conform to the ordinal ranking VOT dorsal > VOT coronal > VOT labial . 6, 10 Considering all of the categories together, the percentages were 95% (dorsal > labial), 91% (dorsal > coronal), and 72% (coronal > labial). This largely confirms previous observations that dorsal stops have the highest values while the relative order of coronals and labials is more variable.
14 Evidence for the same ordinal relation was also found within each laryngeal category (82% mean conformity), in particular for the short-lag stops (dorsal > labial: 99%, dorsal > coronal: 96%, coronal > labial: 82%).
Ordinal ranking is a familiar but relatively imprecise relation. For example, VOT dorsal > VOT labial is consistent with a typology in which there are both very small ($5 ms) and very large ($75 ms) differences between these two place-specific means. Therefore, we repeated the comparisons above with the Pearson correlation coefficient, which evaluates the degree to which VOT means are linearly related across languages.
Overall, the correlations among stops from the same laryngeal series were extremely high and significant (adjusted ps < 0.004): 0.99 (labial-coronal), 0.98 (coronal-dorsal), and 0.98 (labial-dorsal); Fig. 1 provides correlations within each of the laryngeal categories. For long-lag stops, the correlations found across language varieties were comparable to those reported previously across speakers of American English, which ranged from 0.95 to 0.96 in isolated speech and 0.77 to 0.83 in connected speech. 11 Correlations among stops with lead VOT were also quite strong. Correlations among short-lag stops were weaker than those for the other two categories, but nevertheless moderate to moderately strong. The following additional analyses investigated the nature of the linear relations that underlie the correlations, the source of the relative weakness of relations in the short-lag category, and whether the correlations are reducible to ordinal rankings. The correlations among place-specific VOT means within a laryngeal series could, in principle, reflect approximately constant differences across language varieties (e.g., VOT dorsal $ 15 ms þ VOT labial ). We evaluated the hypothesis of constant differences by comparing nested linear regression models with the likelihood ratio test. The constant difference hypothesis corresponds to a model with one free parameter, the intercept: VOTplace1 $ b 0 þ 1 Ã VOT place2 . The alternative model had both an intercept and a scaling factor, allowing the difference to vary linearly with one of the VOT means: VOTplace1 $ b 0 þ b 1 Ã VOT place2 . When all of the laryngeal categories were analyzed together, the constant difference model was a better fit (ps > 0.15). The estimated differences were 3 ms between coronals and labials, 13 ms between dorsals and coronals, and 16 ms between dorsals and labials.
The same result was found for stops in the lead-voicing series, with similar estimated differences of 3 ms (coronal-labial), 10 ms (coronal-dorsal), and 12 ms (dorsal-labial). However, relationships among VOT means within the long-lag category were better fit by the more complex model (adjusted ps < 0.004); specifically, the results indicated that differences tend to decrease at the upper end of the VOT range, perhaps reflecting physiological limits on place-specific modulation. For short-lag stops, the relationship between labials and coronals was also a combination of difference and scaling (p < 0.004), but the intercept-only model was superior for the other comparisons (with estimated differences of 14 ms for coronal-dorsal and 17 ms for dorsal-labial). In summary, the hypothesis of constant differences can account for many of the VOT correlations found in our survey, but some require scaling as well.
Turning now to the weaker correlations among short-lag stops, one hypothesis is that these reflect laryngeal underspecification (i.e., absence of a phonetic target could give rise to less systematic realization). 15 Alternatively, they could be artifacts of the smaller VOT range covered by the short-lag category relative to the long-lag and lead categories. Consistent with the latter alternative, the correlations in the other two categories were appreciably reduced when computed over a 35 ms subrange centered on their median values (rs for long-lag subrange: labial-coronal ¼ 0.51, coronal-dorsal ¼ 0.48, labial-dorsal ¼ 0.47; rs for lead subrange: labial-coronal ¼ 0.75, coronal-dorsal ¼ 0.73, labial-dorsal ¼ 0.55). Relatedly, the short-lag correlations involving dorsals were noticeably weaker than the labial-coronal relation. This could indicate a ceiling effect that specifically impacts the short-lag stops with the longest VOTs (though the findings reported here were robust to minor changes in the shortlag/long-lag boundary). Therefore, while underspecification remains a potential explanation for the finding that stops in this category are less systematically related across languages, the present results are equivocal.
Finally, we were interested in whether the linear correlations, regardless of their strength, could be reduced to the ordinal relations discussed earlier. We tested this by repeatedly resampling VOT averages for each place pair within each laryngeal category, subject to the constraint that the relevant canonical ranking was obeyed, and using the samples to compute a distribution of hypothetical correlations (over R ¼ 10 000 replications). All of the empirical correlations were higher than would be expected from these resampling distributions (adjusted ps < 0.004). Thus, rather than focusing exclusively on coarse-grained ordering, future research into constraints on phonetic variation should consider detailed linear relations among VOT values and other measurements.
Discussion
In a sample of over 100 languages from diverse families, variation in stop VOT was found to be both extensive and highly structured. As has been observed previously, place-specific VOT means largely adhere to an ordinal relationship: within a language and laryngeal series, values generally increase with more posterior places of articulation. We have shown that an even tighter quantitative relation holds: the VOT means of stops in the same laryngeal series are linearly correlated across languages, to a striking degree within the long-lag and lead categories and more modestly but significantly within the short-lag category. These findings parallel patterns of VOT covariation within American English, such that speakers with long mean VOTs for [ 11 Close investigation of the linear relations found in our typological survey indicates that differences among place-specific means are roughly constant across languages for the short-lag and lead categories, whereas the differences decrease somewhat at the upper range of long-lag stops.
The specific relations identified here point to a uniformity constraint that applies to the phonetic realization of stop laryngeal distinctions. Within each languagespecific series, stops are constrained to have approximately the same phonetic targets for their shared laryngeal specification (e.g., the relative timing of oral and glottal gestures, the duration/magnitude of any glottal opening gestures, vocal fold tension and airflow rate, and other relevant properties). 16 On this account, consistent VOT differences across place of articulation must largely reflect aerodynamic and other independent factors, rather than implicating substantial differences in phonetic targets. 6, 8 We should emphasize that the uniformity constraint reins in cross-linguistic (and indeed cross-speaker) variation that might otherwise occur freely. For instance, Cho and Ladefoged 6 consider the possibility that "the value [aspirated] would correspond to one VOT target in the context [velar] and another when it is in the context [labial]" (Cho and Ladefoged, p. 227). 6 Indeed, our findings indicate that it would be physically possible for one language/speaker to have respective VOT means for [p h ] and [k h ] of 50 and 80 ms, and another language/speaker to have the reverse pattern, yet we have found this type of departure from uniformity to be quite rare.
We acknowledge that the VOT relations identified here, while quite strong, are not perfect. Deviations from uniformity may reflect purely methodological or properly linguistic factors. The studies surveyed here differed in the materials collected, speaker age and gender characteristics, typical speaking rate, and presumably VOT segmentation methods. These factors could potentially exaggerate the cross-linguistic variation in VOT means and, more generally, could impact the assessment of covariation in multiple ways. To give one example, the VOT averages for Marathi long-lag stops appear to reverse the typical ordering of labial and dorsal: [ ]: the apparent reversal may be due entirely to computing averages from different speakers, rates, etc., across unbalanced samples.
The extent to which VOT means adhere to the best-fit regression lines may also be modulated by linguistic factors, and some languages may flout the constraint for reasons that are currently unknown. For instance, Mopan Maya has reported VOT means of 73 ms for its labial stop, 34 ms for the coronal, and 50 ms for its dorsal. 17 The ranking of the labial stops with respect to the others is typologically unexpected, and the relevant points fall far from the regression lines. Intriguingly, this language does not have a pure voicing or aspiration contrast (its other stops are ejectives and implosives), and this could plausibly license greater deviation from uniformity. However, several other languages that lack such a contrast do conform to the expected ordinal and linear relations (e.g., Itzaj Maya, Tsou, Tz'utujil, among others).
The relationship of VOT among place of articulation is just one instance of a relational universal. Additional relational universals include the relations between f0 and vowel height, 7 f0 and preceding stop voicing, vowel duration and vowel height, vowel duration and following stop voicing, among others. 8 As with VOT place differences, these relationships may be defined linearly, which would inherently encode the ordinal rank. Indeed, across languages and talkers, the f0 means of high vowels [i] and [u] are not only consistently higher than that of the low vowel [a], but also almost perfectly correlated [rs > 0.98; as calculated from the means reported by Whalen and Levitt, 1995 (Ref. 7) ]. Such non-arbitrary differences in phonetic realization can be attributed to articulatory or aerodynamic factors but only under the assumption that speakers have uniform targets for the relevant phonetic properties.
In this paper, we have marshaled a large body of data in support of a relational universal in phonetics, and have provided new quantitative measures of the nature and strength of this universal. The phonetic realizations of stops in the same laryngeal series, as measured by the acoustic parameter of VOT, do not vary independently across languages. They are yoked together in a pattern of linear covariation that suggests an underlying uniformity constraint. Further research is required to investigate whether this pattern holds across an even larger sample of diverse languages, whether it is modulated by language family or phonetic inventory, whether it is found across speakers within languages other than American English, and whether the uniformity constraint applies to other types of phonetic variation.
